Pyrogallol and its derivatives are biologically active compounds, and pyrogallol also forms the basis of an increasingly important tetrameric supramolecular scaffold. Pyrogallol [4] arenes are tetrameric macrocycles that form from 1,2,3-trihydroxybenzene and aldehydes under acidic conditions. Pyrogallol was treated with two equivalents of pivaloyl chloride to form pyrogallyl dipivaloate. A mixture of regioisomers was invariably obtained and a rapid equilibrium was observed between the 1,2-and 1,3-diesters in polar solvents. A pure sample of solid pyrogallyl 1,2-dipivaloate was isolated and its crystal structure was obtained. The pure compound was shown to rearrange to mixtures similar to those isolated initially.
The biological activity of pyrogallol has been known for decades. For example, the analgesic effect of pyrogallol was reported by Gardella et al. in 1970 [1] . Pyrogallols have also been implicated in both base substitution and frame shift mutations [2] . Apoptosisinducing [3] and anti-proliferative activities [4] have also been documented. The study of pyrogallol biological activity is expanding and remains vital [5] . In recent years, pyrogallolarenes, the condensation products of pyrogallol and aldehydes, have taken their place as prominent and versatile macrocycles in the area of supramolecular chemistry [6] . The versatility of pyrogallol [4] arenes parallels earlier macrocycles [7] , but their ability to form capsules has distinguished them from many of their predecessors [8] .
Our own work with pyrogallol [4] arenes has focused mainly on derivatives having alkyl chains that show either amphiphilic properties [9] or that form pores in bilayer membranes [10] . In an extension of this work, we wished to prepare 5-bromopyrogallol for further derivatization. Owing to the three adjacent hydroxyl groups on benzene, the 4-and 6-positions, rather than the 5-position, are activated for electrophilic substitution. Numerous methods are available for the protection of hydroxyl groups, both aliphatic and aromatic [11] . These include ethers, silyl ethers, esters, carbonates, carbamates, phosphinates, and sulfinates. The protection of adjacent hydroxyls can also be accomplished by using either cyclic acetals or ketals, or carbonate or boronate esters.
We considered forming the 1,3-dibenzhydryl diether of pyrogallol. The advantages of this approach were expected to be ease both of formation and removal, and the bulk of the protecting group. Owing to the latter, we anticipated that ether formation on the 1,3-positions would be favored over the 2-position. This approach was not pursued because of the potential for brominating the additional four aromatic rings rather than pyrogallol itself. Instead, we focused on the bulky aliphatic ester pivaloate (trimethyl-acetate), which we anticipated would form a 1,3-diester and be readily removable [12] . We could find no pivaloate esters of pyrogallol reported in the literature, but Van Duuren et al. showed in 1967 that treatment of pyrogallol with less bulky lauroyl chloride gave various esters and even a ketone, presumably by an uncatalyzed Friedel-Crafts reaction [13] .
We anticipated that treatment of pyrogallol with less than stoichiometric pivaloyl chloride would result in the formation of pyrogallyl 1,3-dipivaloate. It was expected that this pyrogallol diester would brominate in the 5-position and facilitate further modification. We report here that the attempted protection of the 1,3-hydroxyl groups of pyrogallol gave a mixture of 1,2-and 1,3dipivaloates and that the diesters exist in solution in a solventdependent equilibrium.
The reaction of two equivalents of pivaloyl chloride with pyrogallol was conducted in CH 2 Cl 2 at ambient temperature for 24 h. A mixture was obtained that was separated by silica gel column chromatography. The major fraction was a mixture of 1,2-and 1,3pyrogallyl dipivaloates, as shown in Scheme 1. The composition of the mixture was determined both by 1 H NMR spectroscopy and by HPLC. The NMR spectrum of the mixture, determined in CD 2 Cl 2 , showed the presence of both regioisomers, in a ratio of 2:3 for the 1,2-and 1,3-diesters.
It was anticipated that the steric bulk of pivalic acid would afford predominantly the 1,3-diester of pyrogallol rather than the more congested 1,2-isomer. The 2:3 mixture that was obtained contained more of the vicinal product than expected, but the 1,3-isomer did predominate. In order to further characterize the product mixture, it was subjected to HPLC analysis. The results are shown in Figure 1 .
Panel a of Figure 1 shows the initial scan of the mixture obtained from column chromatography (see above). The two regioisomers were observed with baseline separation at retention times of 4.3 and 6.7 min. We have assigned the less abundant isomer as the 1,2-regioisomer (retention time of 4.3 min) based on polarity and 1 H NMR spectral data. We note that the 2-hydroxyl in the 1,3-diester will be more protected than in the 1,2-isomer and the former should, therefore, be less polar and retained better on a reverse-phase column.
The peak observed at 4.3 min was collected and immediately re-injected. The trace obtained is shown in panel b of Figure 1 .
Conversely, the peak collected at 6.7 min (assigned as the 1,3isomer) was re-injected with the result shown in panel c. The collection and re-injection of each sample was conducted at room temperature as rapidly as possible (total time <5 min). Figure 1 is representative of three replicates conducted for the data shown in each panel.
The HPLC data clearly suggested that the 1,2-and 1,3-dipivaloate esters are in rapid equilibrium. The material isolated initially and the re-injection data suggest that in the 1:1 (v/v) EtOAc/n-hexane solvent system, the equilibrium between the 1,2-and 1,3-isomers was established quickly. Of course, contact with the HPLC column may affect the results. In any event, if the dipivaloates were as labile as seemed to be the case, we assumed that the equilibrium would be solvent dependent. We used samples of the mixture obtained from the initial column chromatography for this study (see below).
The 2:3 mixture (1,2-:1,3-) isolated as a solid by column chromatography (silica gel, 10% MeOH/CH 2 Cl 2 v/v) was dissolved in various deuterated solvents or solvent mixtures (RT) and the isomer ratios were observed by 1 H-NMR integration for 24 h. The mixed sample was used because its composition was known from NMR and it was chemically pure by normal criteria. Dideuteriodichloromethane (CD 2 Cl 2 ) was chosen as the "base solvent" because the isomer composition did not change in it. This is apparent in the graph of Figure 2 , inverted triangles. A similar result was observed when a mixture of 5% toluene-d 8 in CD 2 Cl 2 was used as solvent. The effect of 5% CDCl 3 in CD 2 Cl 2 was insignificantly different from either dichloromethane or toluene (data not shown).
The 1 H NMR spectrum in CD 2 Cl 2 showed that the mixture of 1,2-and 1,3-dipivaloates was 2:3. The mixture proved to be stable almost indefinitely in CD 2 Cl 2 (see below). The data shown in Figure 2 confirm this stability during an observation period of >4 h. However, in more polar solvent mixtures, the isomer ratio changed rapidly to new compositions. The rearrangement was followed by NMR for 250-1500 min in 5% CDCl 3 in CD 2 Cl 2 , CD 2 Cl 2 , 5% toluene-d 8 in CD 2 Cl 2 , 5% CD 3 CN in CD 2 Cl 2 , 5% THF-d 8 in CD 2 Cl 2 , 5%THF-d 8 + 5% D 2 O in CD 2 Cl 2 , 1% CD 3 SOCD 3 in CD 2 Cl 2 , and 5% CD 3 SOCD 3 in CD 2 Cl 2 (all v/v). Generally, but not invariably, in solvents of lower polarity, the 1,3-dipivaloate dominated. In solvents of higher polarity, the 1,2-isomer was favored. Indeed, in 5% DMSO in CD 2 Cl 2 , the most polar solvent studied, the ratio of 1,2-:1,3-dipivaloate increased to ~7:3.
The solid state structure and Gaussian 03 calculations (not shown) reveal a structure in which the carbonyl groups lie on opposite sides of the arene. This minimizes congestion; the t-butyl groups are not crowded, even in the 1,2-isomer. The lack of contact is apparent in the right panel of Figure 3 . Of course, the compound would exhibit conformational dynamics in the solution phase, enabling the acyl migration documented above.
The single crystal structure determination indicated that pyrogallyl 1,2-dipivalate crystallized in the orthorhombic system with Pna2 1 space group and cell parameters a=18.7183(9), b=9.2715(4), c=9.2414(5) and V = 1603.81(14) Å 3 (Table 1) .
Although we are unaware of any literature concerning acylated pyrogallols other than that reported by van Duuren et al. in 1967 [13] , there are three reports of acyl migration in carbohydrates. Li et al. analyzed acyl migration in glycerol esters [14] . Migrations of acyl groups on sugars has been reported recently by Kröger and Theim [15] and by Roslund et al. [16] . Li et al. [14] conducted a systematic investigation of solvent effects in acyl migrations of both 1,2-diglyceride and 2-monoglycerides. Included in their studies were alkanes, haloalkanes, ethers, ketones, and alcohols embodying a total of 14 solvents. They found that "[g]enerally, the rates within each group decreased with increasing value of the solvent polarity parameters. However, it was not always the case between different groups of solvent, which indicated that the acyl migration rate was not only influenced by solvent polarity but also influenced by the structure of solvents." The studies reported by Kröger and Theim were directed to methods of glycosylation and did not systematically explore physical organic principles with respect to acyl migration [15] . In contrast, Roslund et al. used NMR spectroscopic methods to assess the effect of pH on the migration of acetyl, pivaloyl, and benzoyl protective groups in a series of β-D-galactopyranoses [16] . The influence of solvent polarity was not addressed in this study. The migration of pivaloyl groups at pD = 8 was found to be "very slow in comparison to that of the smaller acetyl group." The migration rate of pivaloyl was also found to be slower than for benzoyl. The authors suggested that the "larger ester group used migrated slower, possibly due to blocking of the nucleophilic attack of the neighboring hydroxyl group on the ester carbonyl."
Irrespective of acyl group size, solvent polarity, solvent structure, or acidity, the migration of acyl groups must occur through a bridging mechanism of the type shown in Scheme 2.
A crystal that was identical under 40x magnification to that used for the solid state structure determination was examined by 1 H NMR spectroscopy in CD 2 Cl 2 . The spectrum showed only the 1,2-isomer and the spectrum was unchanged during more than 48 h of observation. However, addition of CD 3 SOCD 3 (~5%) to the sample led to rapid (<20 min) equilibration to a 3:1 mixture of 1,2-:1,3isomers. This experiment, conducted on a small scale confirmed the results shown in Figure 1 and validated the use of the mixture obtained by column chromatography.
Attempts to deprotect the 1,3-positions of pyrogallol resulted in mixtures of regioisomers that could be isolated and separated, but which rapidly re-equilibrated in solution. Generally, increasing solvent polarity correlated to increasing pivaloyl migration rates, as previously observed for acyl migrations in sugars. The correlation with polarity was not monotonic, however, as others have noted an effect of solvent structure. We conclude that selective acylation in general and pivaloylation in particular of pyrogallol is and will prove to be problematic.
Experimental
General: All reagents, unless otherwise stated, were purchased from Sigma Aldrich, were the highest grade commercially available, and were used without further purification. Deuterated solvents were obtained from Cambridge Isotope Laboratories, Inc. 1 H and 13 C NMR spectra were recorded at 300 MHz and 75 MHz, respectively, in CD 2 Cl 2 , and chemical shifts (δ) are reported in ppm.
Acylation procedure: Pyrogallol (1.26 g, 0.01 mol) was dissolved in CH 2 Cl 2 (5 mL, dried over CaH 2 ) in a flask fitted with a reflux condenser, stirbar, and N 2 flow. Pivaloyl chloride (2.4 g, 0.02 mol) was dissolved in dry CH 2 Cl 2 (3 mL) and the solution was added dropwise to the pyrogallol solution (HCl evolution). Stirring was continued for 15 min after the addition. The mixture was poured onto ice (~5 g) and H 2 O (~5 mL). The products were extracted with CH 2 Cl 2 (~10 mL, 2x), washed with 5% aq. NaHCO 3 (~10 mL, 2x), and then brine (10 mL, 2x). The organic solution was dried (MgSO 4 ), filtered, and evaporated in vacuo to afford a yellow oil (2.5 g). TLC showed the presence of three products, possibly mono-, di-and triacylated pyrogallols. These components were separated by HPLC and characterized by NMR spectroscopy and mass spectrometry (observed MW 294). Apex II and SAINT software packages [17] were used for data collection and data integration. Analysis of the integrated data did not show any decay. Final cell constants were determined by global refinement of xyz centroids of 9618 reflections above 20 σ(I) (4.903° < 2θ < 61.14°) from the complete data set. Collected data were corrected for systematic errors using SADABS based on the Laue symmetry using equivalent reflections.
Crystal data and intensity data collection parameters are listed in Table 1 . Structure solution and refinement were carried out using the SHELXTL-PLUS software package [18] . The structure was solved by direct methods and refined successfully in the orthorhombic space group, Pna2 1 . Full matrix least-squares refinement was carried out by minimizing ∑w(F o 2 -F c 2 ) 2 . The nonhydrogen atoms were refined anisotropically to convergence. All hydrogen atoms were treated using an appropriate riding model (AFIX m3). Two of the 3 methyl groups were disordered. The disorder was resolved with partial occupancy methyl groups in the ratio of 83:17%. The final residual values and structure refinement parameters are listed in Table 1 .
